We review recent theoretical progress in the computation of radiative corrections beyond one loop within the standard model of electroweak interactions, both in the gauge and Higgs sectors. In the gauge sector, we discuss universal corrections of
Introduction
As a rule, the size of radiative corrections to a given process is determined by the discrepancy between the various mass and energy scales involved. In Z-boson physics, the dominant effects arise from light charged fermions, which induce large logarithms of the form α n ln m (M 2 Z /m 2 f ) (m ≤ n) in the fine-structure constant (and also in initial-state radiative corrections), and from the top quark, which generates power corrections of the orders G F m 
Gauge Sector

Universal Corrections: Electroweak Parameters (Oblique Corrections)
For a wide class of low-energy and Z-boson observables, the dominant effects originate entirely in the gauge-boson propagators (oblique corrections) and may be 
The value at 16 r = 0 greatly underestimates the effect. Both O(G 2 F m 4 t ) and O(α s G F m 2 t ) corrections screen the one-loop result and thus increase the value of m t predicted indirectly from global analyses of low-energy, M W , LEP/SLC, and other high-precision data. Recently, a first attempt was made to control subleading corrections to ∆ρ,
, in an SU(2) model of weak interactions, and significant effects were found. 
where terms of O(M 2 Z /m 2 t ) are omitted within the square brackets and
For contributions due to the tb doublet, µ = m t is the natural scale for α s (µ).
Hadronic Contributions to ∆α
Jegerlehner has updated his 1990 analysis 17 of the hadronic contributions to ∆α by taking into account the hadronic resonance parameters specified in the 1992 report 18 by the Particle Data Group and recently published low-energy e + e − data taken at Novosibirsk. The (preliminary) result at √ s = 91.175 GeV reads
i.e., the central value has increased by 1 · 10 −4 , while the error has decreased by ±2 · 10 −4 . The latter is particularly important, since this error has long constituted the dominant uncertainty for theoretical predictions of electroweak parameters. For comparison, we list the leptonic contribution up to two loops in QED,
= 0.031 496 6 ± 0.000 000 4,
where the error stems from the current m τ world average, 20 m τ = (1777.0±0.4) MeV.
tt Threshold Effects
Although loop amplitudes involving the top quark are mathematically well behaved, it is evident that interesting and possibly significant features connected with the tt threshold cannot be accommodated when the perturbation series is truncated at finite order. In fact, perturbation theory up to O(αα s ) predicts a discontinuous steplike threshold behaviour for σ (e + e − → tt ). A more realistic description includes the formation of toponium resonances by multi-gluon exchange. For m t ∼ > 130 GeV, the revolution period of a tt bound state exceeds its lifetime, and the individual resonances are smeared out to a coherent structure. By Cutkosky's rule, σ (e + e − → tt ) corresponds to the absorptive parts of the photon and Z-boson vacuum polarizations, and its enhancement at threshold induces additional contributions in the corresponding real parts, which can be computed via dispersive techniques. Decomposing the vacuum-polarization tensor generated by the insertion of a top-quark loop into a gauge-boson line as
where V and A label the vector and axial-vector components and q is the external four-momentum, and imposing Ward identities, one derives the following set of dispersion relations:
The alternative set of dispersion relations proposed in Ref. 22 
). It has been suggested that this argument may be extended to all orders in α s by means of the operator product expansion. 24 In the threshold region, only Im Π V (q 2 ) and Im λ A (q 2 ) receive significant contributions and are related by
is strongly suppressed due to centrifugal barrier effects. 21 Of course,
These contributions in turn lead to shifts in ∆ρ, ∆r, and ∆κ. A crude estimation may be obtained by setting
t , where ∆ may be regarded as the binding energy of the 1S state. This yields
Obviously, the threshold effects have the same sign as the O(α s G F m 2 t ) corrections. For realistic quark potentials, one has approximately ∆ ∝ m t , so that the threshold contributions scale like m 2 t . Again, ∆ρ is most strongly affected, while the corrections to ∆r rem and ∆κ rem are suppressed by M We emphasize that the above QCD corrections come with both experimental and theoretical errors. The experimental errors are governed by the α s measurement, 27 α s (M Z ) = 0.118 ± 0.006. Assuming m t = 174 GeV, this amounts to errors of ±5% and ±18% on the continuum and threshold contributions to ∆ρ, respectively. This reflects the fact the α s dependence is linear in the continuum, while that of 1S peak height is approximately cubic. Theoretical errors are due to unknown higherorder corrections. In the continuum, they are usually estimated by varying the renormalization scale, µ, of α s (µ) in the range m t /2 ≤ µ ≤ 2m t , which amounts to ±11%. The theoretical error on the threshold contribution is mainly due to model dependence and is estimated to be ±20% by comparing conventional quark potentials. A conservative analysis of the combined error on the absolute value of ∆ρ at m t = 174 GeV yields ±1.5 · 10 −4 . Due to the magnification factor c 2 w /s 2 w , the corresponding error on ∆r and ∆κ is ±5.0 · 10 −4 . We stress that, in the case of ∆r and thus the M W prediction from the muon lifetime, this error is almost as large as the one from hadronic sources introduced via ∆α; see Eq. (10) (4) through the contributions of the near-mass-shell region to the evolution of the quark mass from the mass shell to distances of order 1/m t . To estimate these effects, the authors of Ref. 28 The claim 33 that the tt threshold effects are greatly overestimated in Refs. 21,25 is based on a simplified analysis, which demonstrably 26 suffers from a number of severe analytical and numerical errors. Speculations 34 that the dispersive computation of tt threshold effects is unstable are quite obviously unfounded, since they arise from uncorrelated and unjustifiably extreme variations of the continuum and threshold contributions. In particular, the authors of Ref. 34 ascribe the unavoidable scale dependence of the O(α s G F m 2 t ) continuum result to the uncertainty in the much smaller threshold contribution, which artificially amplifies this uncertainty. In fact, the sum of both contributions, which is the physically relevant quantity, is considerably less µ dependent than the continuum contribution alone. 
Specific Corrections: Γ Z → bb and Γ(Z → hadrons)
The observable Γ Z → bb deserves special attention, since it receives specific m t power corrections. These may be accommodated in the improved Born approximation 4, 8 by replacing the parameters ρ = (1 − ∆ρ) −1 and κ = 1 + ∆κ by ρ b = ρ(1+τ ) 2 and κ b = κ(1+τ ) −1 , respectively, where τ is an additional electroweak parameter. Similarly to ∆ρ, τ receives contributions in the orders G F m
In the oblique corrections considered so far, the m t dependence might be masked by all kinds of physics beyond the standard model. Contrariwise, in the case of Z → bb, the virtual top quark is tagged directly by the external bottom flavour. At one loop, there is a strong cancellation between the flavour-independent oblique corrections, ∆ρ and ∆κ, and the specific Z → bb vertex correction, 35 τ . The leading two-loop corrections to τ , of
, have recently become available. The master formula reads
where x t is defined above Eq. (4). τ (2) (r) rapidly varies with r, τ (2) (r) ≥ τ (2) (1.55) = 1.23, and its asymptotic behaviour is given by
The value at r = 0 has been confirmed by a third group.
36 assuming that the formula for Γ Z → bb is, at the same time, multiplied by the overall factor (1+α s /π), which is the common beginning of the QCD perturbation series of the quark vector and axial-vector current correlators, R V and R A . We observe that the O(G 
F has also been obtained in numerical form recently. 40 We note that an analytic expression for F had been known previously from the study of the two-loop QED vertex correction due to virtual heavy fermions. 41 Recently, the O(α 4 s ) term of Eq. (20) has been estimated using the principle of minimal sensitivity and the effectivecharges approach. 42 The O(α 2 ) and O(αα s ) corrections to Γ Z → bb from photonic source are well under control.
43
Due to Furry's theorem, singlet diagrams with qqZ vector couplings occur just in O(α 3 s ). They contain two quark loops at the same level of hierarchy, which, in general, involve different flavours. Thus, they cannot be assigned unambiguously to a specificchannel. In practice, this does not create a problem, since their combined contribution to Γ(Z → hadrons) is very small anyway,
where v q = 2I q − 4Q q s 2 w . Axial-type singlet diagrams contribute already in O(α 2 s ). The sum over triangle subgraphs involving mass-degenerate (e.g., massless) up-and down-type quarks vanishes. Thus, after summation, only the double-triangle diagrams involving t and b quarks contribute to Γ Z → bb and Γ(Z → hadrons). The present knowledge of the singlet part, R A S , of R A is summarized by (m t is the top-quark pole mass)
An analytic expression for the I function may be found in Ref. 44 ; its high-m t expansion reads 
The second term on the right-hand side of Eq. (24) has been confirmed recently.
45
The O(α 
where α s and the b-quark MS mass, m b , are to be evaluated at µ = M Z . The second and third terms of Eq. (25) In the Born approximation, the ff partial widths of the Higgs boson are given by
